Abstract Based on a distribution database brought together for the recently published Atlas of the European dragonflies and damselflies, we describe the patterns of diversity and endemism of these insect groups. Highest species richness, as well as richness of predominantly lentic species, occurs in central and western-central Europe. Strictly lotic species have their centre of diversity in southwest France and parts of the Iberian Peninsula. The highest number of endemic species is found in southwest France, the Iberian Peninsula and the Balkan Peninsula. A comparison of the diversity patterns of Odonata species listed in the EU Habitats Directive with those listed in the European Red List highlights a strong mismatch between species threatened in Europe, which are mainly found in the Mediterranean, and species legally protected by the European Union, which are concentrated in central and western Europe. This mismatch has a historical origin, as the species listed in the Habitats Directive were mostly selected in the 1970s and 1980s when water quality in western and central Europe was poor. Since the 1990s, water and habitat quality has improved in these parts of Europe while in the same period the pressure on aquatic habitats in the Mediterranean has increased greatly.
Introduction
Dragonflies and damselflies have a strong appeal to the general public and have become increasingly popular with amateur naturalists over the last two decades. This has resulted in a substantial increase in the availability of distribution data and in a steady flow of publications of international, national and regional Red Lists, distribution atlases and, recently, a distribution atlas covering the whole European continent (Boudot & Kalkman, 2015) . Over the same period, the number of academic publications studying the distribution patterns of dragonflies and damselflies in Europe has also increased. Examples include several macroecological and biogeographical studies, for instance exploring the boundary between the Palaearctic and the Oriental region (Heiser & Schmitt, 2013) , defining species richness patterns (Keil et al., 2008) and, particularly, examining ranges and range shifts (Hof et al., 2006 Grewe et al., 2012) . Most of these studies were not based on geo-referenced data but instead used digitised outline distribution maps published by Askew (1988) and Dijkstra & Lewington (2006) . These maps are hand drawn and have obvious limitations for detailed distribution analyses. The accuracy of the maps in Askew (1988) is limited by the near absence of distribution data from parts of the Mediterranean at the time of publication, and by the distribution data for eastern Europe being largely inaccessible to the author. The maps published by Dijkstra & Lewington (2006) are based on a far greater amount of data, but necessarily show a simplification of the patterns as they were meant for printing at a size of 5 9 5 cm only. The results and conclusions of publications that used these maps as source data might be largely acceptable, but are in need of validation using proper distribution data.
Odonata also play a central role in the conservation of freshwater habitats (Clausnitzer et al., 2009 ). Many European countries have produced their own Red Lists for odonates (e.g. Sahlén et al., 2004; De Knijf et al., 2015; Ott et al., 2015) . However, in several countries, the Red Lists have no legal status and do not result in an efficient protection of dragonflies and their habitats.
By far, the most important legal protection of dragonflies and their habitats is offered by the European Habitats Directive (Council Directive 92/43/EEC). This Directive was implemented in 1994 and is in place in all 28 member states of the European Union (De Knijf et al., 2015) . The Annexes of this Directive list species that are protected throughout the European Union, and member states have an obligation to designate Special Areas of Conservation for species mentioned in Annex II, while species listed in Annex IV are strictly protected throughout their range. The selection of species included in the Habitats Directive was primarily based on a list drafted in the late 1970s for the Bern Convention, and since then only a small number of species have been added by new member states.
A database with distribution data for all European odonates was assembled during the publication of the Atlas of the European damselflies and dragonflies (Boudot & Kalkman, 2015) , and here we use this database for two purposes. Firstly, we present an overview of the distribution of species richness within Europe for odonates of lentic and lotic habitats and of species endemic to Europe. Secondly, we compare the distribution of species in the EU Habitats Directive with those species listed as threatened in the European Red List of Dragonflies (Kalkman et al., 2010) , in order to test if the Habitats Directive currently provides the protection of those species and habitats which are most under pressure.
Materials and methods
The maps presented here are based on information held in the database created for the Atlas of the European dragonflies and damselflies (Boudot & Kalkman, 2015) , in which the eastern border of Europe is defined through the Ural Mountains, the lower Volga valley and the Caspian Sea. Also included into Europe are the Canary Islands and Madeira, the Azores, Cyprus and all the Greek and Turkish Aegean Islands. Our paper is based on distribution records of all 143 species known to occur in Europe; a complete list of these is given in Online Resource 1. Doubtful records, e.g. records of species far outside their known area of distribution and unsupported by evidence, are excluded, as are records of non-native dragonflies or damselflies, since none are known to breed in Europe under natural conditions. The European database was created by combining national databases from all European countries (for details see Boudot & Kalkman, 2015) . The overwhelming majority of data has been collected by citizen scientists. Due to the availability of good field guides and determination keys, the well-organised communities of volunteers and the long history of the study of odonates through amateurs, the identifications made by citizen scientists are of equal quality as those of professionals. The content of the national databases varied and although most national databases contained point data some included only presence-absence data for 50 by 50 km squares. In total over five million records were available which represent 51.350 confirmed presences (a species in a 50 by 50 km square) from in total 2,829 50 9 50 km UTM grid squares before 1990 and 74.480 confirmed presences from in total 2,828 50 9 50 km UTM grid squares from 1990 onwards. Large regions of eastern Europe but also parts of Spain and Italy were poorly explored prior to 1990 for which reason we do not use the database to analyse changes over time. The maps depict the regional diversity of species from 1990 onwards based on 50 x 50 km UTM grid squares which is the most commonly used grid size for depicting the European distribution of plants and animals (e.g. Mitchell-Jones et al., 1999; Sillero et al., 2014) . With the exception of Belarus, Russia and the Ukraine most regions have been well explored so that the maps properly reflect the general distributions of the individual species.
The accuracy of an estimate of species richness for each square is dependent on the sampling effort, and ideally one would perform rarefaction analyses to test whether sampling effort is sufficient for each square (Donald & Fuller, 1998; Dennis & Thomas, 2000; Gotelli & Colwell, 2001 ). However, the over fifty different regional and national databases from which the European database was derived varied greatly in their content, with some of them merely containing information on the presence/absence for each square, making it impossible to perform rarefaction. The diversity maps we present will thus likely be influenced by sampling effort. However, we believe that this, with the exception of Belarus, Russia and the Ukraine, does not impact the general patterns shown by the maps.
In the present publication, we have analysed and plotted the total species diversity per grid square, as well as the diversity of lotic, lentic, endemic and threatened species, all based on records from 1990 onwards.
The 143 species in the database were divided into a lentic and a lotic group. Species occurring in both lotic and lentic situations were included in the lentic group so that the lotic group only includes species strictly dependent on habitats with running water. The division was based on expert judgement by the authors and is in line with information on habitats provided by Boudot & Kalkman (2015) . This division of the 143 species according to their habitat preference resulted in a list of 44 species classified as strictly lotic and 99 species classified as predominantly lentic (Online Resource 1). For the mapping of European endemics (16 species), a list was made of all species only occurring in the European area as defined above (Online Resource 1); range-restricted species with some occurrences in the Maghreb or Southwest Asia were not considered endemic to Europe. For the map of species diversity covering species of the Habitats Directive (16 species), all species listed in Annex II and Annex IV were included (De Knijf et al., 2015) . The list of species considered to be threatened in Europe (19 species) is based on the Red List of Europe (Kalkman et al., 2010) , which was published by International Union for Conservation of Nature (IUCN) in collaboration with the European Union, and includes species listed as Vulnerable, Endangered or Critically Endangered.
The database used for the Atlas of the European dragonflies and damselflies consists of over fifty regional or national databases which together cover the whole continent. A simplified database showing the distribution of each species in each 50 x 50 km UTM square both before and after 1990 is available for further analyses (Online Resource 2).
Results

Species diversity
Areas with a high total species diversity are centred in France, Germany and the Alps (Fig. 1) . The grid squares with the highest numbers of species (64 to 66 species) are found in Austria (3 squares), France (3), Germany (6) and Switzerland (2). The diversity of strictly lotic species is at its greatest in southwest Europe ( Fig. 2) , with strong concentrations in the south-western half of France and parts of the Iberian Peninsula. Species found predominantly in lentic habitats ( Fig. 2 ) reach their highest diversity in rather more northerly regions, in central and eastern Europe.
Patterns of endemism
The diversity of species endemic to Europe (16 species) was found to be highest in the Iberian Peninsula and southern France (Fig. 3) , where up to seven species endemic to Europe can be found in a single 50 x 50 km square. Another concentration of endemics was found in the southern Balkan region, where five species endemic to Europe are found in mainland Greece and adjacent countries, while Crete holds another two different endemics. Many of the endemic species found in the Iberian Peninsula and southern France range widely across this region, whereas those found in the southern Balkan region tend to have small, non-overlapping ranges (Fig. 3 ).
Due to this, four to seven endemics are found in many of the 50 x 50 km squares in the Iberian Peninsula and southern France, while at most three co-occur in squares situated in the southern Balkan region.
Hardly any endemics were found outside the Mediterranean region and southern France, with only the largely western European Gomphus pulchellus reaching western-central Europe, Cordulegaster heros reaching southern central Europe and Cordulegaster bidentata being largely restricted to hilly regions and mountains in central and eastern Europe; C. bidentata is the only species endemic to Europe that has its main centre of distribution in central Europe.
Diversity patterns of threatened species
Sixteen of the 143 European species are listed in the Habitats Directive, and these were found to have their distributions clearly concentrated in western, central and north-eastern Europe (Fig. 4) . By contrast, the 19 species listed as threatened in the European Red List were mostly found to occupy southern Europe, with particular concentrations in Greece and the Iberian Peninsula (Fig. 4) . Only two of these threatened species extend significantly outside the Mediterranean region, with populations of Lestes macrostigma occurring on the French Atlantic coast, in the Pannonian Plain and in southern Russia, while Sympetrum depressiusculum occurs widely across large parts of eastern, central and western Europe.
Discussion
Species diversity patterns
The diversity maps ( Fig. 1) show clearly that the diversity increases going from northern Europe to the south of central Europe which is likely to be correlated with temperature. The drop in diversity in the Mediterranean region is caused by the absence of many lentic species (Fig. 2 ) which may correlate with lower rainfall resulting in large permanent marshlands becoming scarce, while other types of habitat such as bogs and fenland are largely absent. Species restricted to these habitats largely dominate the fauna in central Europe, but are missing from most of the Mediterranean.
The species richness pattern of dragonflies in Europe and North Africa was studied in detail by Keil et al. (2008) , who found it agreeing with the waterenergy hypothesis, which states that in the north where water is broadly available the limiting factor is the energy input, whereas in the warmer and drier south species richness is limited by the availability of water. In addition to these broad-scale factors, the presence of mountains results in regional peaks in diversity, as it allows species of bogs and fenlands to co-occur with species of a predominantly Mediterranean distribution in the same 50 x 50 km square. These species are not syntopic as they are found in different habitats at different elevations, but their near co-occurrence means, for instance, that the border areas of the Alps are among the species richest regions in Europe.
The diversity of dragonflies and damselflies in the Western Palaearctic is relatively low, not only when compared to tropical regions but also when compared to the Nearctic region and to the Eastern Palaearctic . This is believed to result from the ice cap during the last Ice Age glaciations stretching relatively far southwards in Europe, and the west-to-east oriented barriers (the Pyrenees, Alps, Carpathians, the Mediterranean Sea and the Sahara Desert) limiting the possibility for species to shift their ranges northwards or southwards during climate oscillations (Hewitt, 2000) . The Sahara and Mediterranean Sea also form barriers limiting the expansion of Afrotropical species into the southern Mediterranean countries and hence further into Europe. The distributions of some species endemic, or near endemic, to Europe suggest that a part of the pre-glacial European fauna survived the glaciations in refugia in the Iberian Peninsula, southern Italy, the Balkans or in parts of southwest Asia (St Quentin, 1960; Dévai, 1976; Sternberg, 1998) . In some cases, isolation was long enough to allow for speciation, with populations from different refugia remaining separate even after their ranges met again as a result of postglacial expansion. These ideas agree well with the overall diversity pattern of dragonflies endemic to Europe presented here (Fig. 3) . The small number of molecular studies available (Sadeghi et al., 2010; Froufe et al., 2013; Guan et al., 2013; Ferreira et al., 2015; De Knijf et al., 2016; Schneider et al., 2016 ) also conform with these patterns, but as none of the studies provide detailed timescale information, it is not certain whether patterns evolved due to isolation induced by glacial periods, or are the result of parapatric speciations induced by, for instance, different climatic conditions at both ends of a species' range.
The diversity patterns shown by strictly lotic species (Fig. 2) and by lentic species (Fig. 2) are strikingly different, with the former having their diversity optimum in the Mediterranean while the diversity of lentic species is centred around central and western Europe. Hof et al. (2006) stressed that lotic species on average have smaller ranges, which they explained by their supposed lower dispersal ability. However, while we agree that lentic species on average have a stronger dispersal ability, the ability of dispersal and colonisation of lotic species is still such that they can easily expand their range over tens of kilometres when habitat conditions are suitable. This is evidenced by the recent rapid expansion of several lotic species (Calopteryx splendens, Gomphus flavipes, G. vulgatissimus, Ophiogomphus cecilia) into areas of Europe where they had previously become extinct (e.g. Boudot & Dyatlova, 2015; Kalkman & Ambrus, 2015) , and by the Termaat et al., 2015) . The idea that the relative scarceness of strictly lotic species in northern and central Europe can be explained solely by their failure to expand northwards following the last glaciations therefore in our opinion seems unlikely. A better explanation for the more southerly peak in diversity found in strictly lotic species is simply that dragonflies reach their highest diversity in warmer regions, and as running waters follow the air temperature less closely than standing waters and are therefore on average colder than such waterbodies (Maitland, 1990) , the optimum for diversity will also be more southerly. This agrees with the fact that strictly lotic species that are able to persist in cooler regions of Europe generally do have wide ranges, often occurring eastwards into central Asia (e.g. Calopteryx splendens, Platycnemis pennipes) or Siberia (e.g. Gomphus flavipes, G. vulgatissimus, Ophiogomphus cecilia). Grewe et al. (2012) analysed the changes in ranges of species by comparing the maps of Askew (1988) with those of Dijkstra & Lewington (2006) and reached the conclusion that only species occurring predominantly in standing waters have shown a marked northwards expansion over the last few decades. They explained this by arguing that lentic species have higher dispersal abilities than those restricted to running water habitats, as an adaption to the lower spatial and temporal persistence of lentic habitats. While we agree that there is a difference in dispersal ability between species of lentic or lotic habitats, this alone-in our opinion-cannot explain the scarcity of recent northward expansions by lotic species. There are three other reasons which together might explain the comparatively rather weak northerly range expansions: (1) these species are mostly habitat specialists, and some areas containing the required types of lotic habitats (e.g. streams and rivers dominated by coarse sediments) might not be colonised due to the lack of stepping stone habitats in the intervening areas, (2) species of lotic habitats are under pressure in large parts of the Mediterranean, which is likely to hamper their capacity to expand their ranges, and (3) species of running waters have (largely) non-overlapping ranges, many being replaced to the north by closely related species which may restrict their possibilities for northerly range expansion. This last situation is true for nine of the 44 strictly lotic species in Europe, while it occurs in only two (both Ischnura) of the 99 predominantly lentic species. Examples include the largely Iberian Calopteryx xanthostoma which is bordered to the north by C. splendens, and five species of Cordulegaster which are bordered by other closely related species all around their range.
Fourteen of the 16 species endemic to Europe are restricted to running waters and the diversity pattern of endemics therefore resembles the pattern of the strictly lotic species. Of these sixteen species, four are island endemics with closely related species on the mainland, suggesting that they diverged from a common ancestor due to isolation. Eleven endemic species are all clearly centred on one of the three peninsulas in the south of Europe: the Iberian Peninsula including southern France (six species), Italy (one species) or the Balkans (four species), suggesting that they found refuge in these areas during the last glaciation.
The pattern of total diversity of dragonflies is clearly different from the patterns shown by three other well-studied aquatic insect groups: stoneflies (Plecoptera), caddisflies (Trichoptera) and mayflies (Ephemeroptera). In dragonflies, the total diversity is centred around central Europe while in stoneflies, caddisflies and mayflies, the highest diversity is found in the Mediterranean Peninsulas (Fochetti & Tierno de Figueroa, 2006; Conti et al., 2013; Schmidt-Kloiber et al., 2017) . The area with the highest diversity of dragonflies is centred in the Alps which is also among the richest areas for stoneflies and caddisflies (Fochetti & Tierno de Figueroa, 2006; Schmidt-Kloiber et al., 2017) . In dragonflies, this high diversity is caused by the co-occurrence of Mediterranean species in the lowland and more boreal species at higher altitudes within a single grid cell; the mountains themselves are not that rich in dragonflies. This is clearly different from stoneflies and caddisflies where the main diversity is clearly concentrated in small streams and springs at higher altitudes.
Conservation
Hotspots of threatened species are found in Crete (2 species), the southern part of the Balkan Peninsula (9 Hydrobiologia (2018) 811:269-282 277 species) and the Iberian Peninsula and southern France (4 species). The species found in the Balkan Peninsula have small ranges that often do not overlap with those of the other threatened species in the area, and hence the high overall number of threatened species in the Balkan Peninsula does not fully stand out on the map (Fig. 4) . The preponderance of Mediterranean species identified as at threat in the European Red List is caused by the fact that, while the decline of most species in the northern two-thirds of Europe had halted by the time that the Red List was drafted (De Knijf et al., 2015; Ott et al., 2015; Termaat et al., 2015) , the condition of Mediterranean freshwater habitats continues to deteriorate due to land conversion, water pollution, construction of dams, increased demand for freshwater and increased periods of drought linked to climate change (Darwall et al., 2014) . In addition, many Mediterranean species have relatively small distribution ranges, while those occurring in the northern two-thirds of Europe are often wide ranging and thus less likely to meet the IUCN criteria for inclusion in a threat category. Twelve of the 16 threatened Mediterranean species are found in running waters, and the decrease in water flow and water quality of brooks and rivers is the main cause of their decline (Riservato et al., 2009) . Of the 16 species listed in the EU Habitats Directive, 14 were already included in the list prepared in the 1970s and 1980s for the Bern Convention, and despite the expansion of the European Union, only two (Coenagrion ornatum and Cordulegaster heros) have been added since. Most of the species had been in decline during large parts of the 20 th century and some, such as Gomphus flavipes and Leucorrhinia caudalis, became very rare or even extinct in many areas of their former range. This decline was largely caused by the destruction of habitats, mismanagement of water courses and by water eutrophication and acidification due to domestic, agricultural and atmospheric pollution. These threats were strongest and most swiftly detected in western and western-central Europe, and had the greatest impact on species with a preference for either running or mesotrophic habitats . Due to this, species occurring in these habitat types in these parts of Europe were overrepresented in the species listed in the Bern Convention and the Habitats Directive. Since the 1990s, improved sewage treatment and better regulation of industrial and agricultural emissions has led to a great improvement in water quality in western and central Europe, which has in turn been followed by a halt of decline of most species and even a clear recovery of some species (e.g. Gomphus flavipes and Leucorrhinia caudalis). Consequently, only three of the 16 species listed in the Habitats Directive are currently considered threatened at the European scale according to the 2010 European Red List (Kalkman et al., 2010) . The overlap of Odonata species listed in the Habitats Directive and species currently considered to be threatened is small, and comprises only 3 of the 32 species in total. In addition, the geographical overlap of these two sets of species is also small. Whereas the species of the Habitats Directive are predominantly found in western and central Europe, the species currently considered as threatened in the European Red List are centred in the Mediterranean region. This geographic mismatch between protected species (i.e. listed in the Habitats Directive) and threatened species (listed in the Red List) had already been noticed by Cardoso (2012) , who in addition showed that this was true not only for dragonflies but also for many other invertebrates, including butterflies (Van Swaay et al., 2010) .
We judge that the species currently listed in the Habitats Directive are good indicators of the habitat quality of threatened habitat types. It seems that their inclusion in the Habitats Directive has helped their recovery and ensured the protection of their habitats. These species are indicators of habitat integrity and should remain listed in the Annexes, even if most are no longer threatened. However, the above-described mismatch between species of the Habitats Directive and the threatened species means that the strong legal protection offered by the Habitats Directive does not protect the currently threatened species. In order to overcome this bias, and to secure a good legal protection of European freshwater habitats, it is necessary to expand the current Annexes of the Habitats Directive to include species listed as threatened on the European Red List. The Habitats Directive states that species can be listed in Annex II or IV if, within the EU, they are either (1) Endangered, (2) Vulnerable but declining and likely to move into the Endangered category in the near future, (3) rare, i.e. with small populations presently not Endangered or Vulnerable, but which are at risk, or (4) endemic and requiring special attention because of the specific nature of their habitat (see Habitats Directive for full In addition, it includes two species (Epallage fatime, Caliaeschna microstigma) with a small European range, not currently placed in a threat category but which are declining and are likely to qualify for inclusion in the future. The three others proposed by us should be included in the Habitats Directive (Lestes macrostigma, Nehalennia speciosa and Sympetrum depressiusculum) have a wider European range but are declining and dependent on rare and threatened habitat types (e.g. Wildermuth & Martens, 2014) .
Conclusions
In this paper, we have discussed the diversity patterns of European dragonflies and damselflies with special focus on the origin of the differences in diversity pattern found between lentic and lotic species. More importantly, we showed that there is a strong mismatch between the distribution of species threatened according to the European Red List and species protected by the EU Habitats Directive. The highest number of threatened species is found in the Mediterranean region in habitats which receive little protection by European law. An evaluation of the list of species currently included in the EU Habitats Directive is needed to secure the effective protection of dragonflies and damselflies and their habitats in the future. 
